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ABSTRACT 

A partial kindling procedure was used to investigate the correlation between focal 

seizure development and changes in dendritic spine morphology, ongoing neurogenesis and 

reactive astrogliosis in the adult rat dentate gyrus (DG).  

The processes of neurogenesis and astrogliosis were investigated using markers for 

doublecortin (DCX), BrdU and glial fibrillary acidic protein (GFAP). Our data demonstrate 

that mild focal seizures induce a complex series of cellular events in the DG one day after 

cessation of partial rapid kindling stimulation consisting (in comparison to control animals 

that were electrode implanted but unkindled), firstly, of an increase in the number of 

postmitotic BrdU labelled cells, and secondly, an increase in the number of DCX labelled 

cells, mainly in subgranular zone. Ultrastructural changes were examined using qualitative 

electron microscope analysis and 3-D reconstructions of both dendritic spines and 

postsynaptic densities. Typical features of kindling in comparison to control tissue included 

translocation of mitochondria to the base of the dendritic spine stalks; a migration of 

multivesicular bodies into mushroom dendritic spines, and most notably formation of 

“giant” spinules originating from the head of the spines of DG neurons. These 

morphological alterations arise at seizure stages 2-3 (focal seizures) in the absence of signs 

of the severe generalized seizures that are generally recognized as potentially harmful for 

neuronal cells.  

We suggest that an increase in ongoing neurogenesis, reactive astrogliosis and 

dendritic spine reorganization in the DG are the crucial steps in the chain of events leading 

to the progressive development of seizure susceptibility in hippocampal circuits. 

 

Key words:  kindling, neurogenesis, astrocytes, synapse, spines, 3D reconstructions 
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Kindling is not only a model of epileptogenesis (in conditions where “seizures beget 

seizures”) but can be considered as a model of a “pathological” form of neuroplasticity 

which is responsible for the development of cellular- molecular and network events 

producing the disordered firing of subpopulations of neurons (Goddard, 1967; Goddard et 

al., 1969; McEachern and Shaw, 1996; McIntyre et al., 2002; Racine, 1972; Sutula, 2004). 

In the conventional kindling paradigm, stimulations are delivered once or twice daily during 

2 – 3 weeks, until the rats have experienced 3 consecutive grade 5 seizures (generalized 

seizures or fully kindled animals). In the partial kindling paradigm, the number of 

stimulations is much smaller, and the rats show only focal seizures but not the signs of 

generalized seizure response (Engel et al., 1978; Liu and Leung, 2003). This comparatively 

mild kindling stimulation is not accompanied by visible neuronal death (Tuunanen and 

Pitkanen, 2000) and can be used for precise analysis of specific morphological alterations 

underlying the induction mechanisms of focal epileptogenesis. In addition, recent 

investigations have indicated that the rapid protocol of kindling stimulation provides an 

opportunity to test, in a highly controlled manner, the effect of seizures alone with regard to 

neuronal injury and regeneration (Smith et al., 2005). 

In spite of intensive studies, the mechanisms of kindling development remain 

unresolved. It is known that the dentate gyrus (DG) plays a crucial role in regulating 

excitability within the limbic system (Ratzliff et al., 2002) and is a control point for 

epileptogenesis in hippocampal circuits (Lothman et al., 1992). As proposed, the DG 

regulates or ‘filters’ the flow of paroxysmal activity in hippocampal circuits. However, the 

findings concerning morphological changes in the DG in relation to kindling development 

are somewhat contentious. 

In fully kindled animals, in conditions where neuronal cell loss can be detected after 

generalized convulsions, and the relationship between cause and effect is uncertain, a variety 
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of permanent structural changes in the DG after kindling stimulations have been observed 

(Bengzon et al., 1997; Cavazos and Sutula, 1990; Lynch and Sutula, 2000, Smith et al., 

2006). However, in contrast, other studies have claimed to show that amygdala kindling 

either does not reduce total neuronal number in the amygdala or hilus of DG after only a few 

seizures (Tuunanen and Pitkanen, 2000), or that there is an increase of only a small number 

of TUNEL positive cells (a marker of programmed cell death) after amygdala kindling-

induced seizures (stage 3 of behavioural seizures) (Umeoka et al., 2000).  

A causal relationship between ongoing adult neurogenesis and kindling 

epileptogenesis is also unresolved. Adult generated neurons in the DG become functionally 

integrated into the existing hippocampal circuit by forming synapses with mature neurons 

(Ide et al., 2008; Zhao and Overstreet-Wadiche, 2008). However, whether these changes 

contribute to or counteract epileptogenesis remains the subject of intensive investigations. 

Histological examination has demonstrated that severe repeated epileptic seizures cause 

overt neuronal cell death and increase the rate of neurogenesis in the limbic system 

(Bengzon et al., 1997; Mohapel et al., 2004; Park et al., 2006). These findings suggest that 

seizure-induced neurogenesis reflects an adaptive response to seizure-induced neuronal 

death rather than kindling development per se.  

Recent studies using modern 3-dimensional electron microscopy reconstruction 

techniques indicate that dendritic spines can change their morphology and ultrastructure 

during long-lasting plastic modifications of synaptic activity (Popov et al., 2004; Matsuzaki 

et al., 2004; Leite et al., 2005; Ribak, Shapiro, 2007). These data raise the possibility that in 

mature synapses, entry of Ca2+ through activated NMDA receptor channels may be involved 

in remodelling of the postsynaptic membrane, which in turn may contribute to a change in 

synaptic efficacy during kindling epileptogenesis. Indeed, previous work using the 

conventional kindling paradigm and single-section analysis of electron microscope sections 

have demonstrated that hippocampal kindling induces increases in the mean area of post-
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synaptic density of perforated synapses and increases in the number of axospinous synapses 

with segmented postsynaptic densities in the hippocampus (Geinisman et al., 1990; 

Geinisman et al., 1992). However, it is unclear whether these changes contribute to the 

mechanisms of neuroplasticity underlying specific morphological alterations related to 

kindling development or reflect an adaptive response to seizure-induced neuronal death. 

In the present study, to analyse specific morphological alterations underlying the 

induction mechanisms of focal epileptogenesis, we used the partial rapid kindling procedure 

to correlate changes in structure of spines and synapses, and in adult neurogenesis and 

astrocyte activation, with alterations in EEG-after discharge (AD) duration in the DG. 

Quantitative electron microscope morphometric analysis and 3D reconstructions of both 

dendritic spines and postsynaptic densities (PSDs) in the ipsi- and contralateral (to the site of 

stimulation) DG were made on serial ultrathin sections. In addition, we investigated the 

process of neurogenesis using doublecortin (DCX), a marker of migrating progenitor 

neuronal cells (Brown et al., 2003; Francis et al. 1999; Gleeson et al., 1999), and another 

phenotypic marker (BrdU) for proliferating cells. Furthermore, reactive astrogliosis using as 

a marker a glial fibrillary acidic protein (GFAP) was also investigated in our experiments 

since astrocytes play a key role in the pathological and regenerative responses to various 

insults in the brain (Chen and Swanson, 2003; Hailer et al., 2001). 

 

Experimental procedures 

Animals and Surgery. Eight male Wistar rats weighing 300 – 350 g at the time of the surgery 

were used. All rats were treated in accordance to the guidelines approved by the European 

Ethics Committee (decree 86/609/CEE). Animals were anesthetized by intraperitoneal 

injection of sodium pentobarbital (60 mg/kg) and mounted in a stereotaxic frame. A tripolar 

nichrome electrode was implanted into the right DG according to the following coordinates: 

3.0 mm posterior to bregma, 3.7 mm right of midline, and 3.8 mm ventral to the skull 
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(Pellegrino et al., 1979). The bipolar stimulation / unipolar recording electrode unit to 

provide AD recording from the stimulation focus was fixed to the skull with dentate acrylic 

cement. A screw electrode was placed in the right frontal skull as a reference.  

Rapid partial kindling procedures. Experiments commenced one week after surgery. In the 

kindled group (n = 4) the rats were electrically stimulated according to the serial day rapid 

kindling model (De Smedt et al., 2005). Four rats control rats received matched handling 

and electrode implantation, but no stimulation. Kindled rats received 12 stimulations daily, 

on consecutive days (for three days). Each stimulation consisted of a 9 s train of 0.1 ms 

square wave pulses at an intensity (300-400 A) of the threshold that evoked AD duration of 

about 10 – 20 s. The stimulation frequency was set at 20 Hz. ADs were identified where the 

EEG responses were more then 3-4 times higher in comparison to the background EEG. 

Consecutive stimulations were spaced 30 min apart, and the kindling response was evaluated 

on the EEG (AD pattern and AD duration) and in accordance to behavioural seizures. The 

after discharge (AD) pattern and AD duration were analyzed off-line using software 

developed in house. The severity of the behavioural seizures were scored following visual 

inspection in accordance to the modified scale of Racine (1972): stage 1, wet dog shakes; 

stage 2, wet dog shakes + chewing; stage 3, wet dog shakes + chewing + forelimb clonus; 

stage 4, forelimb clonus with rearing; stage 5, clonus with rearing and falling on the back. 

The partial kindled group for light and electron microscopy included only those rats that did 

not show behavioural signs of stages 4-5 generalized seizure responses during the 

stimulation procedure.  

BrdU-injections. One hour before the start of kindling stimulations, each of 8 rats (as 

described above) received daily, a BrdU (50 µg/g, i.p.) injection on the 1st, 2nd and 3rd 

stimulation days. BrdU (Abcam, UK) was dissolved in 0.9% saline. One day after the last 

BrdU injection, animal were sacrificed and prepared for light and electron microscopy. 

Tissue preparation. The rats were injected with an overdose of ketamine and perfused 
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transcardially with 30 ml physiological saline, followed by 300 ml of 0.5% glutaraldehyde 

and 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains were stored 

in the fixative overnight. 50 µm coronal sections were cut on vibrating microtome (Leica, 

Germany). 

Antibodies. DCX and GFAP immunohistochemistry. All antibodies were diluted in 0.1 M 

phosphate buffer (pH 7.4) containing 0.05% Triton X-100 and 2% fish gelatin (Sigma) 

(incubation buffer). The primary antibodies used in this study were: monoclonal rat anti-

BrdU (cat.  ab6326-250, Abcam, UK), 1:100; polyclonal rabbit anti-DCX (cat.  

ab18723, Abcam, UK), 1:200; and monoclonal mouse anti-GFAP (cat.  ab4648-100, 

Abcam, UK), 1:500. For immunohistochemistry with the peroxidase technique, biotinylated 

donkey anti-rat IgG (cat.  712-065-150, Jackson, USA) (1:200) was used as secondary 

antibody and detected with avidinbiotin-peroxidase complex (ABC, Vectastain Elite, Vector 

Laboratories, UK) (9 µl/ml). 

BrdU immunohistochemistry. After quenching endogenous tissue peroxidases with 1% 

sodium borohydride in PB for 30 minutes the sections were incubated in 2 M HCl for 30 

min at 37°C and washed in borate for 5 minutes. The 50 µm sections were blocked in 

incubation buffer for 2 hours, followed by incubation in primary antibody in incubation 

buffer overnight at 4°C. After rinses in PB, the sections were incubated in the secondary 

antibody in incubation buffer for 4 hours at room temperature. After another set of rinses, 

ABC Elite reagent (Vector Laboratories, UK) was applied for 1 hour. As substrate for the 

peroxidase reaction, diaminobenzedine (DAB, Sigma, USA) was applied for 5 minutes at a 

concentration of 0.22 mg/ml in Tris buffer (pH 7.4) with 0.01% hydrogen peroxide. Sections 

were thoroughly washed, mounted, air dried, dehydrated and coverslipped. To control for 

non-specific labelling, adjacent sections were incubated without primary or secondary 

antibody; no labelling was detected following this procedure. 
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Quantification. Sampling of BrdU-positive cells was done exhaustively throughout the 

dentate gyrus in dorsal left and right hippocampi. Cells were categorized according to their 

localization in the dentate gyrus of both sides. 

Hippocampal volume. In order to determine cell number accurately it is necessary to know 

the volume of the tissue within which the cells are present. Measurements of the volume of 

the dorsal hippocampus were made using the Cavalieri principle (as described in Popov et 

al., 2004). Serial coronal sections (50 µm thick) were collected and the total number of 

sections and their order were noted. The dorsal portion of the hippocampus occupied ~55 

serial 50-µm sections. From the complete rostrocaudal set of sections through the dorsal 

anterior hippocampus in each animal, every third section in the series was mounted in 

section order onto glass slides, air dried and subsequently stained with a solution of 0.1% 

toluidine blue in 0.1 M phosphate buffer (pH 7.4) for 2 min. Sections were then washed, 

dehydrated in an ascending series of alcohols, passed through xylene and finally embedded 

in DPX. Sections were subsequently viewed and analysed at low magnification in a Nikon 

E800 digital photomicroscope. Images were aligned as JPEG images. Alignments were 

made with full-field images. Direct measurement of volume of dorsal hippocampus (of both 

right and left hemispheres) was made via the Trace program (http://synapse-

web.org/tools/index.stm). Data are presented as mean ± SD. Statistical comparisons on 

volume data between groups of animals were performed using one-way ANOVA. 

Relative volume of astrocytes. Using “Trace” (Drs. J.Fiala and K.Harris (http://synapse-

web.org/tools/index.stm) we determined the relative volume of astrocytes from the hilus for 

all animals. The volume of astrocytes in left hippocampus of control rats was taken as 100%. 

After immunostaining with GFAP a 50 m thick slice contains an entire two-dimensional 

projection of many astrocytes including cell bodies and their cell processes. The image of 

each astrocyte was contoured and volume determined via “Trace” (see: Fig. 5), allowing a 

comparison of astrocytes size in each hemisphere. This program allows determination of the  
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volume of each contoured structure when section thickness is known and we used 50 m 

sections for immunolabelling. These sections contain mostly all of the astrocytes and their  

cell processes. The final microscopic image of each astrocyte thus represents a two-

dimensional projection. The trace automatically gives the volume of each contoured cell. 

Such an approach is similar to densitometry of two-dimensional cell profiles. A comparison 

of the volume figures obtained of the astrocytes allows an estimation of the  relative volume 

of the cells at the different functional state of brain tissue. Thus, in effect we used the Trace 

program as a densitometer. For the right hippocampi, analysis of astrocytes was made on 

images where scars were absent and 100 astrocytes per animal for left and right 

hippocampus were used. Data are presented as mean ± SD. 

Electron microscopy. Briefly six 3-month old animals (3 trained and 3 untrained) animals 

were anaesthetised with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused 

with 0.5% glutaraldehyde and 2.0 % paraformaldehyde. Coronal vibratome sections (50 m 

in thick) were taken in the hippocampal region and the slices fixed further by immersion in 

0.1 M Na-cacodylate buffer (pH 7.2–7.3) containing 2.5% glutaraldehyde for 1–2 h at room 

temperature, followed by three washes in 0.1 M Na-cacodylate buffer. The tissue was post-

fixed with 1% osmium tetroxide and 0.01% potassium dichromate in 0.1 M Na-cacodylate 

buffer for 1–1.5 h at room temperature. Subsequent processing for electron microscopy was 

exactly as described previously (Popov et al. 2004; Stewart et al., 2005). Blocks were 

trimmed as described by Popov et al. (2004) to include both supragranular and subgranular 

(hilar portion) layers. Serial sections were cut with a Diatome diamond knife and allowed to 

form a ribbon in the knife bath of 800-1000 serial sections. These were broken into series of 

15-20 sections, collected on pioloform-coated slot grids and counterstained with saturated 

ethanolic uranyl acetate followed by Reynolds lead citrate. The series were examined with a 

JEOL 1010 electron microscope and photographed at 6,000-10,000x magnification. Cross-

sectioned myelinated axons, dendrites, and mitochondria spanning all sections provided a 
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fiduciary reference for initial alignment of serial sections. Section thickness was determined 

using the approach of Fiala and Harris (http://synapse-web.org/tools/index.stm). For serial 

electron microscopy we have studied synapses in the middle molecular layer of dentate 

gyrus. 

Digital reconstructive analysis. Digitally scanned EM negatives with a resolution of 900 dpi 

were aligned as JPEG images (software available from Fiala and Harris (2001): 

http://synapses.bu.edu). Alignments were made with full-field images. Contours of 

individual cells and their elements were traced digitally and computed. 

Statistical analysis. Excel software was used to organize the data from the 

immunocytochemistry studies. Statistica (StatSoft, Tulsa, OK, USA) was used to obtain 

means and SDs to perform statistical analyses, and the Kolmogorov-Smirnov and Shapiro-

Wilk normality tests to compare distributions (criterion P < 0.05). ANOVAs followed by 

Bonferroni’s or Tukey’s unequal N honest significant differences tests were performed with 

the OriginPro 7.5. All data are presented as a mean ± SD. 

 

Results 

Seizure characteristics during partial rapid kindling stimulation. Fig.1 A demonstrates the 

after discharge (AD) patterns after 3 and 36 kindling stimulations. These patterns include 

three components of the AD. A primary component represents the groups of EEG-spike 

bursts (200 – 500 ms duration) with about 500 ms interburst interval (clonic ictal - like 

activity). A secondary component represents the continuous single EEG-spikes (tonic ictal - 

like activity). A tertiary component represents the regular single spike bursts with a 500 ms 

interburst interval (interictal - like activity). After the first three stimulations, a total duration 

of these AD components (1 + 2 + 3) was 15 – 25 s (Fig. 1B). However, after 36 stimulations, 

the total AD duration has increased to 80 – 100 s. During the 36 stimulations, the animals 
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displayed mainly focal seizures (grade 1 – 3) (Fig. 1B). 

BrdU-labelling. Fig. 2 illustrates the organization of a scar in the right hippocampus. We did 

not observe any significant differences in BrdU-labelling of scars between control and after 

kindling. BrdU-labelled cells occupy relatively large areas which are contoured by the black 

dotted line in Fig. 2A and Fig. 2B. Fig. 2 shows three types of BrdU-labelled cells: 

astrocytes (black arrows); astrocytes or immature granule cells (red arrows), and endothelial 

cells (blue arrows) which form blood vessels during angiogenesis at least during 10 days 

after implantation of electrodes (see: Methods). Fig. 2B,D show that BrdU-labelled cells 

were localized around the scar. Fig. 2D,E show BrdU-labelled cells in dentate gyrus 

including subgranular zone, supragranular layer, and molecular layer. Quantification of 

BrdU-labelled cells in the whole dentate gyrus (Fig. 3) shows that kindling stimulates 

significantly an increase in BrdU-labelling in the right hippocampus. This is clearly not due 

simply to the damage per se resulting from electrode implantation since the increase is 

absent not only in the contralateral hemisphere of kindled rats, but also the right hemisphere 

of control animals (implanted but non-kindled).  

DCX- and GFAP-labelling. Fig. 4 shows DCX (Fig. 4A-B) and GFAP-labelling (Fig. 4C-F) 

in rats after partial kindling in the right hippocampus. Fig. 4A-B shows DCX-labelling, 

mainly of the subgranular zone (SBZ) of dentate gyrus. Visual analysis shows clearly that 

the SBZ of the dentate gyrus in right hippocampus contains comparatively more intensive 

DCX-labelling (Fig. 4B) in contrast to left hippocampus (Fig. 4A) where electrodes were 

absent. GFAP-labelling for left (non electrode) and right hippocampi (after kindling) is 

shown in Fig. 4C and Fig. 4D.  

Quantification of GFAP-immunostaining for astrocytic volume is shown in Fig. 5. There is a 

significant difference between astrocytic volume in the right and left DG of control 

unstimulated rats, presumably due to the presence of the electrode in the right DG of the 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

unstimulated control rats. Surprisingly after kindling this difference disappears, due to an 

increase in astrocytic volume in the left unstimulated hemisphere. For comparison we show 

astrocyte images for left hippocampus (non electrode) of control (Fig. 4E) in comparison 

with right hippocampus after kindling (Fig. 4F). 

Hippocampal volume was not significantly different between hemispheres or between 

control and kindled rats: for control the hippocampal volumes were 44.2 ± 0.8 (left 

hemisphere) vs 48.3 ± 5.8 mm3 (right) (P=0.28460); and after kindling: 45.3 ± 4.9 (left) vs. 

46.0 ± 5.0 mm3 (P= 0.87086) (right).  

Figure 6 shows DCX-labelling of granule cells localized in SGZ in agreement with that 

previously described by Ribak et al. (2004) and it corresponds to the distribution of newborn 

neurons in this brain region using other markers for newly generated neurons (Ribak et al 

2004). No labelling of CA1-CA3 pyramidal neurons, or interneurons, was found in any 

hippocampal areas. The relatively intensive DCX-labelling of SGZ was apparent in both 

control and after kindling without significant differences. SGZ was discontinuous because 

DCX-labelled granule cells formed clusters (Seri et al., 2004; Ribak and Shapiro 2007) at 

low magnification (Fig. 6a). DCX-positive cells were mainly found in the SGZ at the hilar 

border. These cells appeared as cells with three processes: (1) Apical dendrite; (2) Basilar 

dendrite; and (3) Short mossy fibre with varicosities (Fig. 6 b-e). Short processes remained 

in the SGZ as described for recurrent basal dendrites (Ribak et al., 2004; Yan et al., 2001) 

(Fig. 6c-e). Most of these immunolabelled cells had apical dendrites, and many of them had 

bifurcating dendritic branches. Clusters of DBX-labelled neurons consisted of 4-6 

neighbouring cells.  

Electron microscopy. Qualitative comparison between kindled hippocampus and control 

tissue.  

We did not observe any differences in the general appearance of control, and kindled 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

hippocampal tissue, compared to that which we have described in previous studies in normal 

hippocampal tissue. (Popov et al., 2004, 2005, 2008; Popov and Stewart, 2009). However, a 

more detailed examination of the tissue showed prominent ultrastructural changes after 

kindling in the right hippocampus. Fig. 7A-H shows 8 consecutive serial images of a 

dendrite with a thin dendritic spine. After kindling the mitochondrion moves to the base of 

the spine forming a tight contact (Fig. 7I-J); spine apparatus and cisterns of smooth 

endoplasmic reticulum were absent. Three-dimensional reconstruction of the relationship 

between the dendritic spine and mitochondrion is shown in Fig. 8 i-k. Another prominent 

feature of partial kindling is the growth of very long spinules (Fig. 8-9). Spinules with their 

double-walled membranes were readily distinguished from endosomal compartments, which 

have only a single coated or smooth plasma membrane (Fig. 9). Spinules originated from the 

heads of thin spines and penetrated neighbouring axonal varicosities including presynaptic 

boutons contacting with the spine (Fig. 8A-E). Five consecutive images show spinules 

originating from thin dendritic spine within presynaptic bouton (Fig. 8A-E). The three-

dimensional structure of this spinule is shown in Fig. 8F-G. The length of the spinule is 

noticeably greater than that of the dendritic spine (Fig. 8G). Spinules occurred on all types 

of dendritic spines: all mushroom spines contained spinules whilst for thin spines only a 

fifth of the spines had a spinule. The shape of the spinules ranged from double-membrane 

pits to longer vermiform double-membrane structures. The relatively constricted base gave 

the impression that the invaginated structure was about to “engulf” or “pinch off” the 

evaginating structure. Occasionally, free double-walled structures were found in axons (Fig. 

8E), in support of the hypothesis that spinules are undergoing trans-endocytosis (Popov et 

al., 2008; Sorra et al., 1998; Spacek and Harris, 2004). Three-dimensional reconstructions 

revealed that smooth endoplasmic reticulum (SER) similar to that described by Cooney et al. 

(2002) after kindling forms a network of thin tubules that occasionally widen into larger 

cisternae (Fig. 9). The tubules and cisternae generally were flattened, with an undulating 
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membrane. All lumens of the SER were electron lucent. SER was also continuous with the 

outer membrane of some mitochondria as described previously by Spacek and Lieberman 

(1980) and Popov et al. (2005). SER was located in the dendroplasm and extended into 

mushroom dendritic spines with perforated postsynaptic densities (PSDs) forming spine 

apparatus (Fig. 9). The spine apparatus is a prominent specialization of the SER found in 

mushroom spines. All large mushroom spines with perforated PSD contained spine 

apparatus and SER cisterns (Fig. 9). In addition to the spine apparatus many large 

mushroom spines contained multi-vesicular bodies (MVBs) in the vicinity of PSDs (Fig. 

9D-F). Mitochondria occurred in the central part of the dendrite shaft, surrounded by the 

SER network (Fig. 8I-K). 

 Kindling stimulated formation of multi-synaptic boutons. The proportion of multi-

synaptic boutons was increased by 24% in contrast to the right hippocampus without 

kindling. 

 

Discussion 

 Our data have demonstrated that mild focal seizures induce a complex series of 

cellular events in the stimulated compared with both the contralateral (unstimulated) DG, 

and that of the right hemisphere of implanted but unkindled rats, 1 day after cessation of 

partial rapid kindling stimulation. Qualitative changes in ultrastructure were also examined, 

outside of the scar region of both kindled and control animals. The main events noted are: 

1. an increase in the number of postmitotic BrdU labelled cells, 

2. an increase in the number of DCX labelled cells mainly in subgranular zone, 

3. translocation of mitochondria to the base of dendritic spine stalk of the neurons,  

4. migration of multivesicular bodies into mushroom dendritic spines and  

5. formation of “giant” spinules originating from spine head of the DG neurons.  

There were no hippocampal volume changes following kindling but our data on 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

measurements of astrocytic volume (with an increase in the left hemisphere) show that the 

unstimulated contralateral hemisphere is affected when kindling occurs in the right 

hemisphere, indicating cross talk between hemispheres, though exactly how is unclear and 

will be the subject of a follow up investigation.  

The alterations in the kindled hemisphere arise at the stage 2-3 (focal seizures) 

without the signs of severe generalized seizures that are potentially harmful for neuronal 

cells. Thus, with the initiation of kindling, repeated episodes of neuronal synchronization 

have the capacity to induce a complex series of cellular-molecular events leading to 

complicated structural alterations, such as neurogenesis, astrocyte activation and synaptic 

remodelling. Our data demonstrate that partial rapid kindling induces an increase in the 

number of DCX labelled cells. These cells were localized only in the subgranular zone at the 

hilar border (Figs. 4A-B, 7) and formed clusters consisting of 4-6 immature neurons, 

supporting findings from previous studies (Carnevale et al., 1997; Lauer et al., 2003; Ribak 

and Shapiro, 2007; Ribak et al., 2004; Shapiro et al., 2007, 2008). The seizure activity 

produced in this model of epileptogenesis induces neurogenesis in the granule cell layer of 

the DG without any appreciable induction of neuronal death in mice (Smith et al., 2006). 

The DG circuit restructuring is associated in all likelihood, specifically with kindling 

development but not with the stress response since, in contrast to our data, many stress-

associated stimuli are capable of inducing neurogenesis in adult mammalian brain 

accompanying reductions of granule cell production and spine density (Bennur et al., 2007; 

Doetsch and Hen, 2005; Liu et al., 1998). Axons of adult-born granule cells can establish 

synapses with hilar interneurons, mossy cells, CA3 pyramidal cells, and release glutamate as 

their main neurotransmitter (Toni et al., 2008). These new granule cells in the adult DG can 

be incorporated into seizure-activated circuitry (Smith et al., 2006) and influence seizure 

development. When using the conventional kindling procedure, the increased proliferation 

of granule neurons was observed only during the later phases of kindling-induced 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

epileptogenesis (Scott et al., 1998). These authors indicated that in the early phases, when 

focal seizures were present, there was no evidence of a change in the rate of hippocampal 

neurogenesis. During the later phases of kindling, however, when secondary generalization 

was well established and motor seizures were present, neurogenesis was enhanced by 75 – 

140 %. 

 Our results demonstrated that partial rapid kindling induces a notable increase in the 

number of postmitotic BrdU labelled cells. These cells were observed in the electrode scar 

zone mainly in subgranular and molecular layers of DG (Fig. 2E). In all likelihood, many 

BrdU labelled cells represent astrocytes because the same DG regions include a subset of 

GFAP expressing cells. Our findings are consistent with the observations of Khurgel and Ivy 

(1996) who have demonstrated that kindling-induced seizures result in a prominent 

hypertrophy and proliferation of astrocytes that are accompanied by a reorganization of 

astrocytic cytoskeleton. It is important to stress that these changes in astrocytes have been 

observed in the absence of overt neuronal degeneration. The changes in the morphology of 

astrocytes are seizure-intensity dependent, occur early in the kindling process, and persist for 

weeks following the last seizure.  

In addition, our qualitative electron microscopic findings show that partial rapid 

kindling stimulates a translocation of mitochondria into the base of the dendritic spine stalk 

(Fig. 7-8). Such a translocation may be linked with calcium regulation within dendritic spine 

after electrical kindling stimulation and dendritic spines are also considered as calcium 

compartments (Segal, 2006). It is interesting to note that the dendritic spine with 

mitochondria at the base of dendritic spine stalk did not contain smooth ER. Cisterns of 

smooth ER and mitochondria represent two calcium compartments which are interconnected 

(Popov et al., 2005).  

A prominent feature of dendritic spines after partial rapid kindling stimulation is the 

formation of “giant” spinules originating from the spine head (Fig. 8-9). Spinules between 
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mushroom spine heads and their presynaptic boutons usually occurred near the perforation 

or at the edge of the postsynaptic densities. The number of postsynaptic perforations and 

spinules on mushroom spines are known to increase after repeated frequency facilitation in 

the hippocampus (Applegate and Landfield, 1988), during intense stimulation of the frog 

forebrain with potassium chloride, and after tetanic or theta burst stimulation that induces 

long-term potentiation (LTP) (Schuster et al., 1990; Toni et al., 1999). Such perforations are 

thought to mark especially active synapses (Greenough et al., 1978; Edwards, 1995; 

Geinisman et al., 1995; Jones and Harris, 1995). According to Spacek and Harris (2004) cell 

adhesion molecules span the synaptic junction with links the underlying actin cytoskeleton. 

Recent evidence shows that the influx of calcium during repeated activation might cause the 

underlying actin cytoskeleton to “contract” (Matus et al., 2000), which might cause 

perforation and segmentation of the postsynaptic density. The cell adhesion molecules 

disassemble during LTP, which may weaken the links and allow perforations to form 

(Murase et al., 2002; Tang et al., 1998).  

 Our results also show that partial rapid kindling induces a translocation of 

multivesicular bodies to the mushroom dendritic spines (Fig. 9). It is possible that these 

bodies participate in the endocytotic process, translocating proteins and lipids to multiple 

cell sites including the cell surface, Golgi complex and lysosomes (Cooney et al., 2002; 

Kennedy and Ehlers 2006; Murk et al., 2003). It is interesting to note that partial rapid 

kindling stimulates an appearance of multisynaptic boutons but at present, their functional 

role in the neurons is still unknown (Popov and Stewart, 2009). 

 A key issue is the significance of the morphological changes obtained in our study 

with respect to development of kindling-induced seizures. Kindling is a form of neuronal 

plasticity produced by repeated low intensities electrical or chemical stimulations that leads 

to the progressive development of a permanent increase of seizure susceptibility. Partial 

rapid kindling paradigm allows investigation of the morpho-functional correlates of 
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mechanisms of neuroplasticity underlying an induction of focal epileptogenesis. The DG 

displays a rich structural and functional plasticity that can exert a regulatory role in the 

induction, maintenance or propagation of seizures. It is proposed that, depending on the 

circumstances, the DG can retard or reinforce seizure development. Our light and electron 

microscopic findings suggest that an increase in ongoing neurogenesis, reactive astrogliosis 

and dendritic spine reorganization in the DG are the important steps in the chain of events 

leading to the progressive development of seizure susceptibility in hippocampal circuits. 
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Legends to Figures 

 

Fig. 1. The pattern of EEG after discharges (ADs) and time courses of AD duration and 

severity of behaviour seizures during rapid hippocampal kindling. (a) 1, 2 and 3 on the plot 

are primary, secondary and tertiary components of AD, respectively, after 3 and 36 

stimulations. (b) Time courses of a total AD duration (s) and severity of behavioural 

seizures (stages). 

Figure 2. BrdU labelling of scar on 11 day after implantation of electrodes. A, C, 

organization of scar projection on two consecutive 50 m sections in right hippocampus at a 

low magnification, and B, D, same images at a large magnification, correspondingly for A 

and C. E, some details of dentate gyrus BrdU labelling boxed in Fig. D. These images show 

that at least during the first 10 days there is intense mitotic activity of cells within scar (Fig. 

A, C labelling with black dotted line) including angiogenesis (blue arrows show postmitotic 

endothelial cells), gliosis (black arrows show astrocytes), and the presence of postmitotic 

cells (red arrows) in dentate gyrus: subgranular zone (SBZ); supragranular layer (SPGL); 

molecular layer of dentate gyrus and hilus. Abbreviation: bv, blood vessels/capillaries; fis, 

fissure. 

Figure 3. The number of BrdU-labelled cells per right and left dorsal portions of dentate 

gyrus in control (without electrical stimulation) and after kindling (3 animals per group) is 

shown. From each perfused brain serial coronal sections (50 m in thick) were obtained and 

30 sections were taken for quantitative analysis. Dorsal portions of left and right hippocampi 

only were analysed. There is a significant increase in BrdU labelled cells for kindling only 

(P = 0.01).  

Figure 4. DCX and GFAP immunolabelling of 50 m sections of hippocampi. A, C, dorsal 

portions of left hippocampi. B, D, dorsal portions of right hippocampi out of scar zone from 
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rats subjected to partial kindling. E, GFAP labelled astrocyte from hilus of left dorsal 

hippocampus from control animal. F, GFAP labelled astrocyte from hilus of right dorsal 

hippocampus from rat subjected to kindling. 

Figure 5. Relative volume of astrocytes in DG using 50 m sections, where the volume of 

astrocytes in the hilus of left hippocampi was taken as 100% (for details see Methods). 

There is a significant difference between astrocytic volume in the right and left DG of 

control unstimulated rats, presumably due to the presence of the electrode in the right DG of 

the unstimulated control rats. Following kindling the percentage volume of astroglia in the 

unstimulated hemisphere increases to that of the stimulated hemisphere. Each group 

consisted of 3 animals which were injected with BrdU. 

Figure 6. A-E, DCX labelling of immature granule cells in subgranular zone (SGZ) of DG 

after partial kindling in right hippocampus. (A) shows low power of hippocampus with a 

dark band of DCX labelled cells. (B) Medium power of DG and SGZ; straight arrows show 

apical dendrites. (C-E) micrographs at increasing power of DCX labelled cells, again 

straight arrows show apical dendrites whilst curved arrows show basal dendrites. Neuronal 

bodies are marked by stars. Other abbreviations: DG, dentate gyrus; H, hilus; scale bars = 50 

m 

Figure 7. Eight consecutive serial ultrathin images (A-H) of granule cell dendrite (Den) in 

right hippocampus after rapid kindling. Mitochondrion (Mt) locks the base of neck of 

dendritic spine (S); however, spine apparatus and cisterns of smooth endoplasmic reticulum 

are absent. Higher power micrographs (I and J) show very clearly the locking of the base of 

the spine by the mitochondrion. Generally, such an interaction between mitochondrion and 

the base of a dendritic spine is accompanied with the absence of spine apparatus. Partial 

kindling stimulates, within dendroplasm, the formation of filamentous material which is 

structurally very similar to PSDs. Other abbreviations: PSD, post synaptic density, PrB pre-
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synaptic bouton. mt, microtubules, V, presynaptic vesicles. 

Figure 8. Ultrathin images and three-dimensional reconstructions showing details of 

synaptic structures: dendritic spines; PSDs; spinules and mitochondria. A-E, five 

consecutive images show ‘giant’ spinule (Sp) originating from dendritic spine head. F-G, 

three-dimensional reconstruction shows dendritic spine with the spinule. H-K, three-

dimensional reconstructions of dendritic segment, dendritic spines, spinules, multi-vesicular 

body, smooth ER (endoplasmic reticulum) and mitochondrion after kindling. Other 

abbreviation: PrB, presynaptic bouton. 

Figure 9. Ultrastructural organization of mushroom and thin spines after kindling. A-D, 

mushroom (Msp1) and thin (Tsp) dendritic spines. Typical mushroom spines contain spine 

apparatus (sa), cisterns of smooth ER (sER), multi-vesicular bodies, spinule/spinules (solid 

arrows) on their heads in contrast to thin spines. Rough ER (rER) and polyribosomes (prb) 

were revealed in the base of many mushroom and thin dendritic spines. E-G, spine apparatus 

and multi-vesicular bodies were characteristic features of mushroom spines. 
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